Renewable alternatives to fossil fuels are necessary for the reduction of anthropogenic greenhouse gas emissions, the increased atmospheric concentrations of which are resulting in global climate change. Biodiesel, fatty acid esters prepared from the reaction of triglycerides with alcohols, is a potentially sustainable fuel for compression ignition combustion, and is already widely used to displace fossil-derived diesels. However, there is a wide range of potential feedstocks suitable for the production of biodiesel, and the composition of these oils and alcohols can have a significant impact on the combustion characteristics of the resultant biodiesel. Therefore, this paper presents a review of biodiesel composition from various sources, and the effects of differing composition on combustion phasing and the emissions of regulated pollutants, NOx and particulate matter, in compression ignition engines. The primary influence of biodiesel composition on fuel ignition delay is through the fatty acid alkyl moiety, with either an increase in alkyl chain length or degree of saturation reducing the duration of ignition delay. NOx emission levels are determined through in-cylinder temperature conditions, most strongly influenced in common rail injection systems by the duration of ignition delay and in mechanical injection systems by injection timing, which advances with increasing biodiesel bulk modulus. Emissions of particulate matter increase with biodiesel physical properties, such as boiling point or viscosity, which increase with both increasing fatty acid moiety and alcohol moiety alkyl chain length.
Introduction
There is now consensus and acceptance that the continued use of fossil fuels to meet the majority of global energy demand (approximately 86% in 2012 1 ) is unsustainable and likely to result in catastrophic climate change. 2 Where such concerns were once accompanied by those regarding the imminent depletion of fossil fuel reserves, 3 there is now growing realisation that a significant portion of such remaining reserves should in fact not be utilised if necessary reductions in anthropogenic emissions of greenhouse gases (GHG) are to be achieved. 4, 5 Such factors have driven legislative requirements for the displacement of fossil fuels with sustainable alternatives; for example the 2009 European Parliament Renewable Energy Directive, which stipulates that a minimum 10% of gasoline and diesel fuels for road transport in all EU member states must be from renewable sources by 2020. 6 Biodiesel is the most widely considered alternative to fossil diesel for compression ignition combustion, and is commonly produced from the reaction of vegetable (or animal) oils with an alcohol, in a reaction known as transesterification. While the idea of vegetable oils as fuels for compression ignition engines has been in place for over a century (for example the widely cited demonstration by Rudolph Diesel of a compression ignition engine operating on peanut oil in 1900), it was not until the early 1980s that a concerted effort was made to utilise such fuels for displacement of fossil-derived diesel.
Initial testing of straight vegetable oils for compression ignition combustion (predominantly from sources such as rapeseed, soybean and sunflower, and in medium-duty tractor engines 7, 8 ) observed several issues with the use of such fuels detrimental to engine performance. These included fuel injector coking, combustion chamber deposits, piston ring sticking, thickening and dilution of engine lubrication oil; 8, 9 however, subsequent investigations quickly identified that these problems could be reduced in severity through transesterification of the vegetable oils to fatty acid esters (biodiesel). 10, 11 Figure 1 shows the transesterification of a typical vegetable oil triglyceride with methanol to form three fatty acid methyl esters (FAME) and one molecule of glycerol. Triglycerides comprise three naturally esterified fatty acid alkyl chains (highlighted as A, B and C in Figure 1 ), which are typically of straight carbon chain lengths of between 16 and 18 carbon atoms long, 12 and range from being fully saturated to containing four double bonds between carbon atoms. As shown in Figure 1 , formation of fatty acid esters from triglycerides and short chain alcohols (transesterification) results from the substitution of triglyceride fatty acid alkyl chains with OH groups from an alcohol (to form glycerol), while the alkyl moiety of the alcohol bonds to the terminal oxygen of the fatty acid (to form a fatty acid ester). The choice of transesterification reaction conditions and catalyst are dependent on the composition of vegetable oil feedstock, though currently the most common method employed in the industrial production of biodiesel is the use of a homogenous (reaction mixture and catalyst both liquid) alkali catalyst, such as sodium hydroxide or potassium hydroxide. 13 Alkali catalysts are not suitable for oils containing free fatty acids (fatty acids with are not part of a triglyceride or diglyceride) in excess of 0.5 wt%, as subsequent formation of soaps from the free fatty acids increases the solubility of esters in glycerol, impeding the product separation.
14 Methanol is the most often used alcohol for the process of transesterification; however, production from longer chained alcohols, such as ethanol, propanol and butanol is also possible, though alkali catalyzed transesterification is generally unsuitable for use with longer chained alcohols. 11 However, there are alternative methods of transesterification for which long chain alcohols are superior to methanol, such as transesterification at supercritical conditions, which allows the reaction to occur in the absence of a catalyst, resulting in a high purity of both products and excess reactants. 15, 16 While at present, biodiesel production from cropderived feedstock satisfies the sustainability requirements of the European Parliament Renewable Energy Directive, 17 there is growing concern that production and use of such fuels may not offer significant reductions in net emissions of GHG, relative to the use of fossil fuels, over the whole of the fuel prouction-to-consumption lifecycle. 18 A proposed strengthening of the directive, taking these concerns into consideration through quantification of impacts arising from indirect land use changes, would see the level of renewable fuels from food crops, such as vegetable oils, capped at 5% of road transport fuels. 19 The remaining 5% would then necessarily be sourced from feedstocks such as photosynthetic microorganisms, lignocellulosic biomass, and various waste streams with lower net GHG emissions. Identifying genuinely sustainable feedstocks available in significant quantities is therefore a major challenge to the continued production and use of biodiesel to displace fossilderived diesel.
In addition, there are a number of further technical challenges related to the composition of the oils used for biodiesel production, both in the processing of such fuels and their use in modern compression ignition engines. The presence of free fatty acids complicates the transesterification process, while the degree of fatty acid ester saturation has implications for the oxidative stability of biofuels. Increasing fatty acid ester alkyl chain unsaturation has been observed to coincide with a decrease in oxidative stability, with the products of fatty acid methyl ester oxidation, which are primarily acids and other short to long chain oxygenated compounds, negatively impacting on engine performance and durability in a manner similar to straight vegetable oils. 20, 21 Meanwhile, both the physical properties and molecular structures of fatty acid esters used for biodiesel impact on the efficiency of combustion in compression ignition engines and the emission of regulated pollutants, such as nitrogen oxides (NOx) and particulate matter (PM).
Many studies of biodiesel have focused on the performance of these fuels from various sources relative to existing fossil diesel fuels, and several extensive reviews have been presented on the subject. 11, [22] [23] [24] [25] [26] [27] However, in the context of a legislative and environmental requirement to identify new sustainable sources of oils for biodiesel production, understanding how the composition and physical properties of these oils impacts on energy release and emissions characteristics in compression ignition combustion can be valuable for the screening of potential new sources of oils. Therefore, this paper presents a brief review of the various potential sources of oils for biodiesel, and the composition and physical properties of these oils. The effect of these chemical and physical properties on combustion and emissions characteristics is then reviewed, with particular emphasis on the influence of fatty acid ester molecular structure on combustion phasing and the subsequent formation of exhaust emissions.
Sources of fatty acids for biodiesel production
Among the first crops to be considered for biodiesel production were sunflower, rapeseed and soybean oil, 28 and these three now dominate crop production for biodiesel in the European Union, with the largest land use for rapeseed, sunflower and a smaller proportion for soybean. 29 Other edible oils from agricultural crops that are commonly considered include corn, 27, 30 cottonseed, 31 palm 16, 32 and peanut.
33,34 Table 1 shows the fatty acid profiles of both edible and non-edible oils currently used or considered for biodiesel production. Interesting to note, is the variation in the fatty acid profile of the three most widely used oils, with both sunflower and soybean composed of significantly higher levels of C18:2 (referring to a fatty acid of alkyl chain length 18 and with two double bonds within the fatty acid alkyl chain) fatty acids, while rapeseed oil has appreciably higher levels of more saturated C18:1 fatty acids (Table 1) . It can also be seen that other oils, such as palm or tallow, have higher levels of shorter more saturated fatty acids, such as C16:0 (Table 1) .
Concerns as to the strain on global food supplies due to the diversion of agricultural land for biofuel crops has led to much investigation into new potential sources of fatty acids. Sources such as jatropha, 39 coconuts 40 and tobacco seeds 41 have been considered, and many studies 30, 42, 43 have assessed the viability and sustainability of such feedstocks. A further important source of oils for biodiesel production is waste streams. Several studies have considered the use of waste cooking oils, 44, 45 and oils extracted from other waste sources, such as used coffee grounds, 46 are also increasingly investigated.
However, one non-food crop source of oils that that differs significantly in nature and has garnered particular interest of late are microorganisms, such as microalgae, which naturally produce and accumulate triglycerides within cell membranes. 47 Microorganisms are an attractive potential source of fuels because they do not require agricultural grade land to be cultivated, and can have a low resource requirement when growing; for example photosynthetic microalgae can grow on sunlight and atmospheric carbon dioxide 48 and fungi on glycerol from biodiesel production.
37 Table 1 shows the fatty acid profile of oils from microalgae, 36 oleaginous fungi 37 and oleaginous yeast. 38 Notwithstanding the variability of microorganism fatty acid profiles with strain and species, 38, 49 it can be seen that the majority of oils from these microorganisms are in the range of C16:0 to C18:2 and are not dissimilar to those currently in commercial use for biodiesel production ( Table 1) .
Effects of biodiesel composition on combustion phasing Fatty acid moiety
While biodiesels have generally been found to exhibit a higher cetane number and shorter duration of ignition delay (the interval between fuel injection and autoignition) than fossil diesels, 50 various studies have also observed a correlation between FAME cetane number and fatty acid composition. 10, 51 In particular, a decrease in the duration of ignition delay with an increase in either fatty acid alkyl chain length or degree of saturation, [52] [53] [54] [55] [56] and a concurrent decrease in peak heat release rates with a decrease in ignition delay through either an increased fatty acid alkyl chain length or degree of saturation has also been observed. 52 This can be attributed to a reduced duration available for fuel and air mixing between fuel injection and the start of combustion, which results in a smaller premixed burn fraction, and a more gradual release of energy during a greater diffusion (or mixing controlled) combustion fraction. 57 Table 2 (adapted from Leung et al. 13 ) shows the physical properties, including cetane number, of FAME produced from various edible and non-edible oils. From Table 2 , it can be seen that palm oil produces a FAME of relatively high cetane number, 62, and sunflower oil that with a relatively low cetane number, 49, and this coincides with a higher fraction of more saturated fatty acids (C16:0 and C18:1) present in palm oil relative to sunflower oil (Table 1) .
In engine tests of palm oil FAME and linseed oil FAME, Benjuma et al. 54 observed an appreciably longer duration of ignition delay of the highly unsaturated linseed oil FAME relative to the more saturated palm oil FAME, with a 1:1 blend of the palm oil FAME and linseed oil FAME displaying an ignition delay between that of the two FAMEs. Scho¨nborn et al., 52 in engine tests conducted with pure single component fatty acid esters, observed a linear decrease in the duration of ignition when increasing fatty acid saturated alkyl chain length from 12 to 22 (C12:0 to C22:0).
Zhang et al. 55 investigated the influence of fatty acid ester molecular structure on ignition kinetics in a motored cooperative fuels research (CFR) engine at very low loads with constant equivalence ratio. The influence on double bond position within the fatty acid alkyl chain was studied by considering three esters with fatty acid alkyl chain length of 9, methyl nonanoate (C9:0), methyl 2-nonenoate (C9:1) and methyl 3-nonenoate (C9:1). The effect of introducing a double bond into the fatty acid chain length was to Table 2 . Physical properties of FAME produced from various edible and non-edible oils, adapted from compilation by Leung et al. 13 with permission from Elsevier.
Oil utilised in FAME production' greatly reduce the onset and magnitude of the low temperature heat release (and thus increase the duration of ignition delay) relative to the equivalent fully saturated ester (methyl 2-nonenoate relative to methyl nonanoate). Moving the double bond towards the centre of the fatty acid chain length further delayed the onset of the low temperature heat release rate and decreased its magnitude (methyl 3-nonenoate relative to methyl 2-nonenoate). The movement of the double bond towards the centre of the fatty acid moiety was suggested to be an increasingly inhibiting influence on ignition quality due to the limitations that the position of the double bond placed on the formation of sixand seven-membered transition rings. Such transition rings are necessary for the isomerisation of alkyl chain peroxy radicals to peroxy alkyl structures, which is a key stage in the fuel breakdown and branching reactions that produce the radicals and escalating temperatures necessary for autoignition in compression ignition combustion. 55, 58 Figure 2 shows the internal isomerisation of methyl 2-nonenoate and methyl 3-nonenoate peroxy radicals to peroxy alkyl chains. The formation of six-or seven-membered transition rings requires a fully saturated alky chain of at least three carbon atoms, 59 and it can be seen that movement of the double bond from methyl 2-nonenoate (Figure 2(a) ) to methyl 3-nonenoate (Figure 2(b) ) reduces the longest fully saturated alkyl chain length from four to three carbon atoms, thereby reducing the potential for formation of transition rings. Zhang et al. 55 also undertook exhaust sampling and gas chromatography identification of the species therein, and from the intermediates observed it was concluded that esters with fully saturated fatty acid alkyl chains followed very similar reaction pathways to n-alkanes, while those containing a double bond in the fatty acid moiety appeared to be reacting along the same routes as olefins under similar conditions.
Alcohol moiety
While the production of fatty acid esters from alcohols other than methanol is viable, the impact of varying ester alcohol moiety on combustion and emissions has received far less attention than that of the fatty acid moiety. Cetane number measurements of methyl, ethyl, propyl and butyl esters of various alkyl chain lengths and degree of saturation found that butyl esters consistently possessed a cetane number higher than those prepared with shorter chain alcohols, however, no linear trend between cetane number and alcohol carbon chain length is apparent. 60, 61 Engine testing of fatty acids esters of varying alcohol moiety have generally found no discernible difference 44 or only a slight increase in the ignition quality of ethyl esters relative to equivalent methyl esters. 52 In engine tests of single component esters produced from various straight and branched short chained alcohols (methanol to tert-butanol), Hellier et al. 62 found an observable increase in the duration of ignition delay relative to the equivalent FAME (methyl stearate) only in the case of the ester with the most branched alcohol moiety (tert-butyl stearate). Other studies of esters with branched alcohol moieties have either found no change in ignition quality, 63 or a slight increase in the duration of ignition delay in the case of the most branched alcohol moiety. 56, 64 In engine tests with a CFR engine, Zhang and Boehman 56 also found that increasing the alcohol moiety chain length while keeping the fatty acid chain length constant, methyl nonanoate (C9:0) to ethyl nonanoate (C9:0), reduced the duration of ignition delay of the ester. This was attributed to a combination of an increase in the number of easily abstracted secondary C-H bonds when increasing the alcohol chain length, and the suggested potential of ethyl esters to undergo a six-centred unimolecular elimination reaction, which has relatively low activation energy and initiates fuel breakdown without the need for any radical addition or external hydrogen abstraction. When the total number of carbon atoms in the ester was held constant and the alcohol chain length increased, methyl heptanoate (C9:0) to ethyl hexanoate (C8:0), the duration of ignition delay was observed to increase, highlighting the greater importance to ester ignition quality of the fatty acid alkyl chain length relative to the alcohol moiety chain length.
Effects of biodiesel composition on exhaust emissions NOx
The observed increase in NOx emissions of fatty acid esters, relative to fossil diesel, has been the focus of many studies, 24, [65] [66] [67] [68] [69] and several of these have also provided insight as to how the composition of varying biodiesels impacts on exhaust NOx emissions. Figure 3 shows the specific NOx exhaust emissions of a four cylinder direct injection turbocharged diesel engine operating on blends of highly unsaturated linseed oil FAME, and relatively more saturated palm oil FAME, and at two-engine load and speed conditions. 54 In Figure 3 , TPE refers to total position equivalent and is indicative of the FAME blend degree of unsaturation. Benjumea et al. 54 define TPE as the sum of the allylic position equivalent (APE) index and the bisallylic position equivalent (BAPE), proposed by Knothe, 70 with a higher TPE value equating to a greater number of carbonto-carbon double bonds present in the fatty acid ester alkyl chain and thus a higher degree of unsaturation. 54 At both engine operating conditions (Figure 3) , it can be seen that levels of specific NOx emissions increase with the degree of FAME fatty acid alkyl chain unsaturation (as indicated by increasing TPE value). Figure 4 shows the effect of increasing the FAME saturated alkyl chain length (C12:0 to C22:0), and increasing the number of double bonds within a constant alkyl chain length (C18:0, C18:1 and C18:2), on NOx emissions in diesel engine tests by Scho¨nborn et al. 52 of single-component fuels. The tests were conducted in a single cylinder direct injection common rail diesel engine at low loads and at constant engine operating conditions (speed and IMEP). The results of tests conducted at three fuel injection timings are shown in Figure 4 ; two fuel injection timings at which the duration of ignition delay varied according to the fuel (constant injection and constant ignition timing, producing constant in-cylinder physical conditions at the start of injection and start of combustion respectively), and a third injection timing where an ignition improving additive (2 ethylhexyl-nitrate) was utilised to equalise the duration of ignition delay for all fuels (resulting in constant in-cylinder physical conditions at both the start of injection and start of combustion).
It can be seen that at constant injection and constant ignition timing increasing the fatty acid alkyl chain length (Figure 4(a) ) decreases NOx emissions, while increasing the number of double bonds present in the fatty acid alkyl chain (Figure 4(b) ) increases NOx emissions (in agreement with studies considering FAME blends from natural oils 54 ). As discussed in section 'Effects of biodiesel composition on combustion phasing: Fatty acid moiety', increasing fatty acid alkyl chain length reduces the duration of ignition delay observed, while increasing the number of double bonds present extends the duration of ignition delay, and peak heat release rates correlate closely with ignition delay. 52 NOx emissions from compression ignition combustion are known to be strongly dependent on in-cylinder temperatures, and the residence time of in-cylinder gases at elevated temperatures, as they are primarily formed by the thermal oxidation of nitrogen 69 (also known as the extendedZeldovich mechanism 71, 72 ). It therefore follows that a primary driver of NOx emissions from various biodiesels is the influence of FAME compositions (fatty acid alkyl chain length and degree of saturation) on the duration of ignition delay and the subsequent in-cylinder temperature conditions that arise from the extent of the premixed burn fraction and the rates of peak heat release. 52, 54 Where a change to the fatty acid ester alcohol moiety has influenced the duration of ignition delay, similar observations of NOx emissions correlating with the duration of ignition delay have been made. 52, 62 In Figure 4 (a) and (b), it is, however, apparent that at constant ignition delay timing, for which both the start of injection and start of combustion occurred at the same timing (due to the addition of 2 EHN at levels up to 36,942 ppm 52 ) and thus physical conditions (and patterns of heat release) were constant, NOx emissions increase with both fatty acid alkyl chain length and the number of double bonds present. This is suggestive of a secondary influence of fatty acid ester alkyl chain structure via the adiabatic flame temperature, which increases with both alkyl chain length and the degree of unsaturation and potentially increases rates of thermal NOx production. 52, 68, 73 However, it should be noted that in Figure 4(b) , the required dosage levels of 2 EHN (and thus fuel bound nitrogen) to achieve constant ignition delays also increased with the fatty acid alkyl chain degree of unsaturation. The addition of fuel bound nitrogen in the form of 2 EHN has been observed to increase NOx emissions, 74 and assuming a fuel flow rate of 250 g/kWh in the tests of Scho¨nborn et al., 52 oxidation of the added 2 EHN nitrogen content would have been sufficient to account for the observed increases in NOx emissions with increasing degree of unsaturation at constant ignition delay timing ( Figure  4(b) ).
A further suggested mechanism by which biodiesel composition influences the formation of NOx is through the level of soot produced during combustion (the drivers of which will be discussed in the following section), and the effects of soot radiative heat transfer in determining in-cylinder temperatures (and thus rates of thermal NOx production). Mueller et al. 68 investigated the relative importance of soot radiative heat transfer on tests of FAME derived from soybean oil with an optically accessible heavy duty diesel engine. The FAME doped with phenanthrene to increase soot production exhibited the highest radiative heat transfer, and lower NOx emissions than the non-doped FAME. However, a pure alkane reference fuel exhibited a level of radiative heat transfer between that of the two biodiesel blends but produced significantly lower NOx emissions than both. Therefore, soot radiative heat transfer is a plausible factor in biodiesel NOx formation, 68 but is likely of lesser importance than the duration of ignition delay and adiabatic flame temperature. 52 Figure 5 shows the NOx emissions of fully saturated fatty acid esters as single component fuels and as 40% v/v blends with rapeseed oil FAME, tested in a direct injection compression ignition engine with a mechanically actuated fuel injector. 75 In Figure 5 , it can be seen that NOx emissions increase with increasing fatty acid alkyl chain length from C10:0 to C14:0. This is contrary to studies of similar single component FAMEs in a direct injection common rail fuel system compression ignition engine, 52 where NOx emissions were observed to decrease with increasing fatty acid alkyl chain length (Figure 4(a) ). This coincides with Figure 5 . NOx exhaust emissions with 0% EGR and increasing fatty acid ester alkyl chain length, as single component fuels and as 40% v/v with rapeseed methyl ester (RME). Redrawn from Pinzi et al. 75 with permission from Elsevier.
an increasing bulk modulus of the fatty acid esters with alkyl chain length and degree of unsaturation, 75 which in mechanical injection systems results in an effective advance in the fuel injection timing. 76 Therefore in Figure 5 , the increase in NOx emissions observed when considering pure methyl esters of carbon chain lengths of between C10:0 and C14:0 can be attributed to an increasingly advanced injection timing, which results in an earlier start of combustion and a longer residence time of in-cylinder gases at the high temperature conditions necessary for NOx formation.
Particulate matter
The emission of particulate matter (PM) from various biodiesels has received less attention than that of NOx; however, several studies have observed an influence of FAME composition on the total mass of particulates emitted during compression ignition combustion. 52, 53, 62 Figure 5 shows the effect of increasing the FAME saturated alkyl chain length and increasing the number of double bonds within a constant alkyl chain length on total particulate mass emissions in the engine tests of single component fuels by Scho¨nborn et al. 52 At all three injection timings, it can be seen that between fatty acid alkyl chain lengths of 12 and 18 (C12:0 to C18:0), there is no clearly discernible impact on emissions of particulate matter total mass, with only the C22 ester emitting significantly higher levels of particulate matter (Figure 6(a) ). It was suggested that this may be attributable to the reduced oxygen content and higher viscosity of the C22 ester relative to the esters of shorter fatty acid alkyl chain length, as these properties may reduce the level of oxygen available for soot oxidation and impede the efficiency of fuel and air mixing respectively. Formation of soot in compression ignition combustion is known to occur predominately in fuel rich areas of the in-cylinder charge, such as are present during diffusion controlled combustion, 77 where insufficient oxygen is available for complete fuel oxidation and pyrolysis reactions occur instead. 78 In Figure 6 (b), it can be seen that increasing the number of double bonds within the fatty acid ester alkyl chain increases the level of particulate matter emitted at all injection timings. The presence of double bonds within fatty acid ester alkyl chains has been suggested as increasing the formation of soot precursors and thus total levels of particulate matter emitted. 52 However, in engine and tube reactor test utilising a carbon-13 isotope labelling technique to identify the contribution of individual carbon atoms within a fuel molecule to emissions of particulate matter, Eveleigh et al. 79 found the double-bonded carbon atoms within the fatty acid alkyl chain of oleic acid (C18:1) to convert to PM at approximately the same rate as single bonded carbon atoms within the fuel molecule. Figure 7 shows the effect of increasing the straight carbon chain length of the alcohol moiety of a saturated fatty acid ester (C18:0) on the emission of total particulate matter mass. 62 While no clear influence of substituting the methyl alcohol moiety of the fatty acid ester with ethyl, propyl and butyl alcohol moieties on the duration of fuel ignition delay was observed, 62 it can be seen that an increase in the fatty acid ester alcohol moiety results in a significant increase in the production of particulate matter ( Figure 7 ). As observed in the increase of the fatty acid moiety alkyl chain length (Figure 6(a) ), the increase of alcohol moiety length coincides with a decreasing molecular oxygen content and increasing viscosities and boiling points. 62 A saturated C18 fatty acid iso-butyl ester was also tested under the same conditions as the results presented in Figure 7 , and found to emit levels of particulate matter similar to those observed from the equivalent n-propyl ester. 62 Furthermore, the influence of the alcohol moiety on total particulate mass emissions was found to be of Figure 6 . Effect of C18 fatty acid methyl ester (a) alkyl chain length and (b) number of double bonds in the alkyl chain on total particulate mass emissions. Adapted from Schö nborn et al. 52 with permission from Elsevier.
much greater significance than that of removing the ester functional group completely (as observed through testing of n-octadecane under the same conditions). 62 In the case of direct mechanical fuel injection, while increasing fatty acid alkyl chain length has been observed to increase PM emissions, increasing the degree of unsaturation results in decreased PM emissions. 53 As fatty acid ester viscosity and melting point both increase with increasing degree of saturation, it was suggested that these factors may be more significant in detrimentally affecting fuel and air mixing at mechanical injection pressures which are generally lower than in common rail injection systems (180 bar 53 versus 450 bar 52 in the studies cited). Pinzi et al. 53 further suggested that the varying oxygen content of FAME with increasing or decreasing alkyl length may be the primary driver in determining PM emissions from biodiesel, as the presence of fuel bound oxygen may prevent the fuel pyrolysis reactions that initiate PM formation. 80 However, it was found by Eveleigh et al. 79 that the carbon atom bonded to both oxygen atoms in methyl oleate (C18:1), and also oleic acid, does not contribute to the formation of PM, suggesting that the carbon oxygen bonds are not broken during combustion (and so the carbon atom is unavailable for the formation of soot). It has therefore been speculated that the oxygen present in biodiesel FAME also remains bonded to the carbon atoms to which they are originally attached, and thus are not available to prevent the pyrolytic breakdown of the remaining elements of the fuel molecule. 79, 81 Conclusions and future renewable diesel fuels
Biodiesel is an important renewable alternative to fossil diesel for use in compression ignition combustion. Many different feedstocks are available for the production of biodiesel, and with regards to the varying composition of these the following conclusions as to the impact on compression ignition combustion and emissions characteristics can be drawn:
1. There is significant variation in the fatty acid profile of the oils from food crops most widely utilised at present for biodiesel production. Furthermore, oils from non-edible and potentially more sustainable sources, such as microorganisms, exhibit similar fatty acid profiles, suggesting that they are viable biodiesel feedstocks. 2. The primary influence on combustion phasing of the fatty acid moiety of fatty acid esters is through the alkyl chain length and degree of saturation. An increased alkyl chain length or degree of saturation reduces the duration of ignition delay, as an increase in either feature increases the rates of the low temperature branching reactions which result in autoignition. 3. An increase in the fatty acid ester alcohol moiety alkyl chain length can reduce the duration of ignition delay, while the presence of carbon chain branches in the alcohol moiety can increase the duration ignition. However, the impact of the alcohol moiety on ignition delay is less than the fatty acid moiety, and so where a specific ignition delay of a biodiesel is required, this is best achieved through modification of the fatty acid profile. 4. In direct injection common rail compression ignition combustion, the primary influence of the biodiesel composition on the levels of NOx emitted is through the duration of ignition delay. Longer ignition delays result in a larger premixed burn fraction and peak heat release rates, which increase the rates of thermal NOx production. In mechanically actuated fuel injection, biodiesel bulk modulus, which increases with alkyl chain length and degree of unsaturation, has a significant influence on the time at which fuel injection commences and thus the residence time of incylinder gases at elevated temperatures at which NOx formation occurs. Therefore, it be may be advantageous to utilise different biodiesels of compositions optimised for lower NOx emissions in common rail and mechanical fuel systems respectively. 5. Emissions of PM from biodiesel appear most clearly influenced by physical properties, such as viscosity and boiling point, which reduce the efficiency of fuel and air mixing. These properties increase with increasing carbon chain of either the fatty acid or alcohol moieties. Therefore, for the use of longer chain length alcohols than methanol in biodiesel production, it may be helpful to select oils of short fatty acid alkyl chain length so that emissions of PM are not significantly increased. While biodiesel is likely to remain the most significant contributor to the displacement of fossilderived diesels, there are a number of renewable potential fuels for compression ignition engines that are of increasing interest. An alternative route for the modification of vegetable oils are processes such as decarboxylation and hydrodecarboxylation, which remove the oxygenated functional group (and also saturate carbon double bonds in the case of hydrodecarboxylation), producing long chain alkanes and alkenes. 82, 83 The products of such processes are commonly referred to as hydrotreated vegetable oils (HVO), and renewable or green diesel 82 and are receiving significant commercial interest. 84 Biomass-to-liquid processes, which involve the gasification of biomass and subsequent upgrading to larger molecules through the Fischer-Tropsch process, can also produce alkanes and alkenes in a range suitable for compression ignition combustion. 85 There is also potential for the catalytic upgrading of short chain alcohols to larger molecules, 86 possibly with utilisation of CO 2 as a feedstock, 87 producing oxygenated fuel molecules such as ketones or carbonate esters. A further exciting possibility is the use of synthetic biology to genetically engineer microorganisms, such as microalgae, to produce designer fuels (for example terpenes) with molecular structures optimised for improved combustion and emissions characteristics. 88 
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